INTRODUCTION
14 CO 2 capture is a standard technique that has been used for several decades (6, 7, 10) for evaluating the oxidation and decarboxylation reactions of substrates. Traditionally, the method used for 14 CO 2 capture involves placing the cells or cell lysate in a sealed vial that contains a center well to which a CO 2 -capturing agent is added (3, 10) . When cells are used, this method requires harvesting or isolating the cells and placing them in suspension at high density [e.g., 1-4 ×10 8 cells in 1 mL media (2, 5) ]. This creates an environment for the cells that is very different from adherent culture, with uncertain effects on respiratory substrate oxidation rates. In one study, it was found that removal of cells from culture by scraping reduced glucose oxidation by 30%-82% (4) 
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14 CO 2 -capture method that enable the use of cells in culture have been published (8, 9, 13) ; however, these methods require a separate experimental setup for each sample, making it cumbersome to perform replicate samples or measurements under different conditions.
We have adapted the 14 CO 2 -capture method to allow the substrate oxidation rates of cells to be evaluated in a 24-well culture plate format. This technique allows the investigator to evaluate the 14 CO 2 production of cells in culture with the ability to conveniently test multiple conditions simultaneously. Our laboratory has used this method to evaluate the oxidation of 14 C-glutamine in breast cell lines with consistent results.
MATERIALS AND METHODS

Cell Culture
Two human breast cell lines were used: HBL100 cells were from ATCC (Rockville, MD, USA), and TSE cells were established from a primary ductal breast carcinoma and kindly provided by Dr. Simon Powell (Massachusetts General Hospital, Boston). For each experiment, cells were plated in CulturPlates ™-24 (Packard Instrument, Meriden, CT, USA), which are opaque, and in parallel 24-well culture plates (Corning Costar, Cambridge, MA, USA), which are clear and can be used to evaluate cell confluence. Cells were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 4 mM L-glutamine, 10% fetal bovine serum, 10 000 U/L penicillin, 10 000 mg/ L streptomycin, 25 mg/L amphotericin B and 10 mg/L bovine insulin. When the cells reached confluence (ca. three days after passage), they were given fresh media, and the experiment was performed on the following day. Table 1 describes the 14 CO 2 -capture apparatus.
804BioTechniques Figure 2 . Demonstration of efficient 14 CO 2 capture using the culture plate assay system. (A) Counts obtained from the standard filter increased in a linear fashion with increasing dpm added. The standard filter was prepared by adding 10-µ L samples containing 10, 20, 40 and 80 nCi of 14 C-NaHCO 3 directly onto wells of a KOH-saturated filter plate. The efficiency of capture as obtained from the slope of this line was approximately 11%. Each point represents the mean of four samples ±SD. (B) An excellent correlation was found between counts obtained from direct addition of 14 C-NaHCO 3 to filters and capture of eluted 14 CO 2 by filters. The standard filter was compared with an experimental filter obtained by adding the same dilutions of 14 C-NaHCO 3 to media in the wells of a culture plate, eluting 14 CO 2 by the addition of TCA to wells and capturing 14 CO 2 using the experimental set up shown in Figure 1 . Each point represents the mean of four sample wells.
1. Cells are grown to confluence in CulturPlates ™-24. 2. After isotope has been added to each experimental well, as discussed below, a gasket the size of the 24-well plate, with a 5-mm hole centered over the site of each well, is placed over the CulturPlate. This gasket can be made by using an ink pad and a culture plate as a pattern to make a stamped imprint on latex sheeting or polyethylene foam sheeting (Nalgene ® ; Nalge Nunc International, Rochester, NY, USA). The imprint is cut out, and 5-mm holes are made in the rubber using a standard hole-punch at sites corresponding to the center of each well. In validation studies, this size hole was found to be adequate to allow free passage of 14 CO 2 without allowing significant 14 CO 2 leakage. These gaskets can be reused. Plate so that each well of the CulturPlate is aligned with a hole in the rubber gasket and a KOH-saturated filter, thus forming a small 14 CO 2 -capture chamber. A weight is placed over the assembly, assuring the gasket seal is airtight ( Figure 1 ). Table 2 describes the steps of the experimental procedure.
To evaluate the efficiency of spectrophotometrically counted disintegrations of 14 C on filter plates, a standard filter plate was created by serially diluting 14 C-sodium bicarbonate ( 14 C-NaH-CO 3 ) to concentrations of 1, 2, 4 and 8 µ Ci/ µ L and adding 10 µ L of each sample to filters saturated with 100 µ L of 40% KOH. Scintillation fluid was added, and this standard filter plate was processed and counted as described in Table 2 .
To determine the efficiency of CO 2 capture from wells, an experimental filter plate was prepared by adding 10 µ L of serially diluted 14 C-NaHCO 3 to 0.5 mL of DMEM base in CulturPlate-24 wells that contained no cells. The CO 2 -capture apparatus was then promptly assembled, and 100 µ L of 10% trichloroacetic acid (TCA) were injected through the seal at the back of the UniFilter plate. The back was resealed, and capture was allowed to occur for 2 BioTechniques 805
1. The experiment is initiated by rinsing the cells in the CulturPlate-24 twice with 0.5 mL DMEM base (Life Technologies, Gaithersburg, MD, USA) containing 10 mM HEPES at pH 7.2 with no added bicarbonate, glutamine or glucose. 2. 0.5 mL of DMEM base (as above) containing 5 mM glucose and 500 µ M to 2 mM glutamine, along with 0.5 µ Ci of L-[ 14 C(U)]-glutamine (specific activity 244 mCi/mmol; NEN Life Science Products, Boston, MA, USA) are added to each of the wells, except for control wells, to which media without radioisotope are added. 3. The gasket and KOH-containing UniFilter plate are placed over the CulturPlate-24 as described in Table 1 to form the 14 CO 2 -capture apparatus. 4. The assembly is incubated at 37°C in a CO 2 -free incubator with parallel plates running for 2, 4 and 6 h. At the designated times, the UniFilter plate is removed from the assembly, and 200 µ L of MicroScint ™-20 Scintillation Fluid (Packard Instrument) are placed in each filter well. The plate is sealed with a Top-Seal A ™Plastic Sheet (Packard Instrument) and shaken for 15 min. It is then stored in darkness for 24 h, at which time it is evaluated in the TopCount Microplate Scintillation Counter. Alternatively, the filters can be easily excised from the filter plate by cutting around the perimeter of the filter with a sharp blade and lifting it from the well. They can then be placed in a vial for counting in a conventional scintillation counter. mg/well relative to bovine serum albumin standards, depending on the cell line and degree of confluence.) Alternatively, cells can be detached and their number directly counted using a hemocytometer. 6. To evaluate the substrate oxidation rate, the counts per minute (cpm) values are obtained from each well and then adjusted for the specific activity of the isotope to determine nanomoles of CO 2 captured. The specific activity, or number of counts per nmol of substrate, is determined by adding 10 µ L of each sample directly to a UniFilter Plate well (containing 100 µ L of 40% KOH) and processing this plate the same as the other experimental plates. The nanomoles of 14 CO 2 captured in experimental wells are then calculated and normalized by dividing each by its protein content (or cell number). The nanomoles of CO 2 produced per mg protein (or per cell) is plotted vs. time, enabling calculation of the oxidation rate using a least-squares fit model. 
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h at room temperature. The apparatus was then disassembled, and the experimental filter plate was processed and counted as described in Table 2 .
For experiments with acid elution of 14 CO 2 from the media, CO 2 capture was performed as described above. A tuberculin syringe (28-gauge needle) was then used to inject 100 µ L of 10% TCA through the adhesive seal at the back of the filters and into the media while keeping the apparatus intact. The back was resealed, and the weight was replaced. The intact 14 CO 2 apparatus was rocked for 2 h at room temperature, after which the UniFilter plate was removed and processed as described in Table 2 .
RESULTS
To demonstrate that the efficiency of scintillation counting filter-bound radioactivity did not vary with the amount of isotope added, a standard filter was prepared by adding known amounts of 14 C-NaHCO 3 directly to KOH-saturated filters as described above (see Experimental Procedure). The counts obtained from this standard filter were compared to the radioactivity added (Figure 2A) , and excellent linear correlation was obtained over the entire range examined ( r 2 = 0.99). This range of radioactive counts exceeds that anticipated for CO 2 -capture studies. Thus, the efficiency of counting disintegrations from captured 14 CO 2 can be considered constant for the purposes of cellular oxidation measurement. The efficiency was calculated from the slope obtained by linear regression analysis of the data and found to be approximately 11% (0.11 cpm/dpm). For example, 40 nCi (8.8 ×10 4 dpm) placed in the media resulted in approximately 10 000 cpm captured on the filter.
To determine the efficiency of CO 2 capture within the experimental apparatus, the counts obtained from 14 C-NaH-CO 3 added directly to the standard filter (see Experimental Procedure) were compared with counts captured from wells as 14 CO 2 . An experimental filter was prepared by adding 14 C-NaHCO 3 to media in wells of the capture apparatus (amounts identical to those added to the standard filter), eluting as 14 CO 2 by acidification and allowing capture to occur for 2 h. This experiment demonstrated that capture of eluted CO 2 in the apparatus was extremely efficient (Figure 2B ). An excellent linear correlation was observed between counts detected on the standard filter and the experimental filter ( r 2 = 1.0). The coefficients of variation (CV) in measured cpm (standard deviation between quadruplicate wells as a percentage of the mean) for this experiment were 6.3% ± 3.7% for the standard plate and 5.8% ± 1.6% for the experimental plate. Each media sample was also scintillation-counted in solution by placing 10 µ L of each 14 CNaHCO 3 dilution directly into a scintillation plate rather than on a filter plate. Comparing the experimental filter counts to these revealed that scintillation counts measured on filters were 15.6% ± 0.9% of those obtained when counting in solution. Thus, for evaluation of molar quantities of CO 2 captured from cells, the specific activity of the oxidation substrate must always be obtained by scintillation-counting media samples on filters rather than in solution.
To estimate the number of captured counts because of spontaneous oxidation or evaporation from media, the amount of counts captured from wells that contained 14 C-glutamine without cells was compared with counts measured from wells with media alone following 2 h of incubation in the capture apparatus. Background counts on filters incubated with media alone were 38 ± 15 cpm. Counts captured on filters incubated with media containing 0.5 µ Ci of 14 C-glutamine were only slightly higher at 59 ± 14 cpm ( P= 0.09 vs.
806BioTechniques Figure 3 . 14 CO 2 capture during oxidation of 14 C-glutamine using the culture plate assay system. Glutamine oxidation rates of the breast cell line HBL100 cultured in 2 mM and 500 µ M glutamine-containing media were evaluated as described in Materials and Methods. Each point represents the mean of four samples ±SD. Figure 4 . Effect of acid liberation of 14 CO 2 from the culture media. TSE cells were evaluated for their glutamine oxidation rate as described in Materials and Methods. Identically treated groups of plates differed only in that one group had 100 µ L of 10% TCA injected into the media at the designated time, and capture was continued for 2 h before filter plate removal, while the other group had the filter plate removed immediately at the designated time. Each point represents the mean of four samples ±SD. control). When the 14 C-glutamine reagent solution was lyophilized before being added to media, captured counts were reduced to 30 ± 14 cpm ( P= 0.46 vs. control). This experiment demonstrated that the 14 C-glutamine reagent contained a volatile radioactive contaminant. However, the captured counts caused by this contaminant were small compared with the number of captured counts obtained when cells were present. When the reagent was lyophilized before use, counts captured were equivalent to the background counts measured on filters from wells containing media with no isotope. Nonetheless, for the experiments described below, the 14 C-glutamine solution was lyophilized before use. This 14 CO 2 -capture method was used to measure oxidation rates for 14 C-glutamine by human breast cell lines in monolayer culture. Captured radioactivity demonstrated a linear rate of accumulation between 2-6 h after apparatus assembly, and there was a statistically significant difference in the rate of 14 CO 2 production in 2 mM glutamine vs. 500 µ M glutamine (0.002 < P <0.01; Figure 3 ). In these experiments, the cpm per filter ranged from 481 to 10 047 after two or more hours of capture. Thus, up to approximately 9% of the radioactivity in the media was captured after 6 h of incubation (based on 0.5 µ Ci, ca. 1.1 ×10 6 dpm, ca. 1.2 × 10 5 cpm on filter plates with a counting efficiency of approximately 11%). Filters from control wells containing no 14 C-glutamine consistently gave cpm values close to background, indicating that 14 CO 2 contamination from adjacent wells was not significant. An initial lag of approximately 30 min was observed in 14 CO 2 capture from cellcontaining wells. This lag was not eliminated by injecting 10% TCA into the wells and allowing capture to continue for 2 h (Figure 4 ). This acidification step halted respiration and caused CO 2 to be liberated from the culture media by driving the conversion of bicarbonate to CO 2 and H 2 O. There was no significant difference in the rate of 14 CO 2 production measured with or without the acidification with TCA ( P= 1.0).
Quadruplicate samples were run for each experiment, and well-to-well variability was evaluated. For a total of three experiments using the two different cell lines, the CV was 12.2% ± 6.5%, with a range from 2% to 34% of the mean value for each quadruplicate group. This variability was approximately twice that seen in experiments using isotope spiked into media or onto the filters directly (above).
DISCUSSION
The method described above offers a convenient alternative to traditional techniques for 14 CO 2 capture. This method enabled the use of cells in adherent culture and easy analysis of multiple samples under different conditions. Cells were assayed without the need for detachment from the culture substrate, a process that can cause an appreciable reduction in cellular respiration rate (4) . As demonstrated, this method was used to estimate the rate of CO 2 production from glutamine. In addition, this method of CO 2 capture was also used to successfully evaluate the oxidation rate of universally labeled glucose by breast cells (data not shown).
14 CO 2 capture demonstrated a lag of approximately 30 min after apparatus assembly, beyond which captured cpm increased linearly over time. This lag was not appreciably reduced by injecting acid into the media and allowing capture to continue for 2 h, indicating that equilibration of 14 CO 2 in the aqueous phase was relatively quick. The majority of the lag probably reflected the time it took for labeled glutamine to equilibrate with the intracellular pool of unlabeled glutamine. If so, lag could be minimized by delaying assembly of the capture apparatus for 30 min after addition of media containing labeled substrate.
The average CV for CO 2 capture from cell cultures was found to be 12.2% ± 6.5%, which was approximately double that seen in experiments using bicarbonate spiked into media or onto the filters directly. Thus, imprecision in cellular protein estimation probably contributed to variation between wells. The assay's variability could prevent the detection of subtle differences in oxidation rates. However, by measuring CO 2 capture over time and calculating a CO 2 production rate from the slope, the contribution of deviations at each time point to the overall error in the calculated rate of CO 2 production should be minimized.
This assay was performed in CO 2 -free culture conditions, with HEPES replacing bicarbonate as buffer. It is unclear what effect the lack of bicarbonate had on cell metabolism or respiration. One study found that lymphocytes formed less CO 2 from glutamine under bicarbonate-free conditions, but that CO 2 formation from glucose was not significantly altered in the absence of bicarbonate (12) . Although some published 14 CO 2 -capture protocols utilize a bicarbonate-based buffer (5), others do not utilize a bicarbonate buffer (2) or use a HEPES-based medium (8) . Methods also vary in their atmospheric conditions, with some preequilibrating with oxygen (2) and others using room air (1) .
The method presented herein offers the advantage of simultaneously capturing 14 CO 2 produced in up to 24 culture wells, thereby providing a convenient and reproducible way to test multiple culture conditions while avoiding removal of cells from their growth substrate and disruption of cellcell interactions. We have successfully utilized this assay to evaluate glutamine and glucose oxidation in normal and malignant human breast cells and more recently in hepatocytes and hepatomas, with consistent results.
